Clostridium perfiingens type E iota toxin, a dermonecrotic and lethal binary toxin, was purified to homogeneity. Each protein component of the toxin, iota a (ia) or iota b (ib), appeared as a single band by gradient or sodium dodecyl sulfate-polyacrylamide gel electrophoresis and yielded a single immunoprecipitin arc by crossed immunoelectrophoresis with homologous antiserum. Individually, ia (Mr 47,500) or ib (Mr 71,500) had little biological activity. However, when combined in equimolar amounts, there was a 64-fold increase in the guinea pig dermonecrotic titer. The biological activity of ia was heat stable (85°C for 15 min), whereas ib was inactivated at 55°C. Our results demonstrated that C. perfringens iota toxin required two different, nonlinked protein components for biological activity.
Clostridium perfringens types A, B, C, D, and E produce at least 12 extracellular protein toxins (11) . One of these toxins, iota toxin, is produced only by type E strains and has been implicated in fatal calf, lamb, and guinea pig enterotoxemias (2, 10 ). An immunologically related iota-like toxin, produced by Clostridium spiroforme, causes an acute and fatal enterotoxemia of rabbits (1, 3, 4, 6) . Antiserum developed against toxic supernatants of either species neutralizes the iota toxin effects of the other (22) . Crossed immunoelectrophoresis (crossed IEP) of crude C. perfringens type E supernatant, using C. spiroforme antiserum, results in two immunoprecipitin arcs which have been designated ia and ib. Strains of C. perfringens types A, B, C, and D, which do not produce iota toxin, do not produce either ia or ib (22) .
We have previously shown that ia and ib of C. perfringens iota toxin can be separated by preparative isoelectric focusing (22) . These two unlinked proteins, which show no immunological relatedness by crossed IEP, also differ in isoelectric points. Little activity is present in isoelectricfocusing fractions containing either individual component; however, when combined, there is a synergistic effect in biological assays. Our initial findings suggest that iota toxin is a binary toxin dependent on two nonlinked proteins for maximum activity.
In the following investigation, we describe the purification of ia and ib to homogeneity and provide further evidence that both are necessary for iota toxin activity.
(Material described herein will be submitted by B. G. Stiles as part of a dissertation in partial fulfillment of the requirements for the Ph.D. degree in Microbiology from the Department of Anaerobic Microbiology, Virginia Polytechnic Institute and State University, Blacksburg.) MATERIALS AND METHODS Bacterial strains, toxin, and antiserum production. A description of toxin and antiserum production has been previously presented, using the type strain of C. perfringens type E (NCIB 10748) and C. spiroforme (NCTC 11493) (22) .
Briefly, C. perfringens supernatant was produced in 2-liter * Corresponding author. brain heart infusion dialysis flasks after 72 h of growth. A saturated solution of ammonium sulfate (4°C) was added to continuously stirred culture filtrate up to 70% saturation. Precipitate was collected 4 h later by centrifugation (7,000 x g for 20 min). The precipitate was dissolved in 10 mM Tris hydrochloride buffer, pH 7.5, and dialyzed in the same buffer to remove residual ammonium sulfate.
Antiserum was produced in neutered, 6-month-old alpine goats with cells and culture fluid from dialysis sack cultures. C. spiroforme was grown in chopped meat (0.5% glucose) at 37°C for 96 h. Sack contents were diluted with normal saline to an optical density reading of 1 at 660 nm. C. perfringens type E was grown as described above, and cells were diluted with culture supernatant fluid to an optical density reading of 1 at 660 nm. Cell suspensions were treated overnight at 37°C with 0.4% Formalin (final concentration). The first six weekly vaccinations, which consisted of 1 ml of formalinized cell suspension and 1 ml of Freund incomplete adjuvant (Sigma Chemical Co., St. Louis, Mo.), were injected subcutaneously. Subsequent weekly injections consisted of 1 ml of unformalinized whole culture mixed with an equal volume of Freund incomplete adjuvant.
IEP. Fused rocket IEP and crossed IEP were done as previously described (22) . Glass plates (100 by 100 mm) were used for quantitative rocket IEP. Plates were coated with 15 ml of 1.2% low-electroendosmosis agarose (Sigma) containing C. spiroforme antiserum (3.3 pA/cm2). Antigen samples (15 pul) were subjected to electrophoresis at constant voltage (30 V) for 12 h. The plates were washed, pressed, stained, and destained as previously described (22) .
DEAE-Sepharose CL-6B ion-exchange chromatography. Ammonium sulfate-concentrated C. perfringens supernatant (800 mg in 80 ml) was applied to a column (1.5 by 13 cm) containing 12 ml of DEAE-Sepharose CL-6B equilibrated with 15 bed volumes of 10 mM Tris hydrochloride buffer, pH 7.5. After the concentrate was applied, the gel was washed with 15 bed volumes of buffer. The ia and ib proteins were eluted with a 0.0 to 0.2 M NaCl linear gradient (140 ml total) in 10 mM Tris hydrochloride buffer, pH 7.5. Fractions were collected at a constant flow rate of 10 ml cm-2 h-'. Both ia and ib were detected by fused rocket IEP peaks of ia and ib were combined, dialyzed (12,000-to 14,000-molecular-weight cutoff) overnight against 5 mM Tris hydrochloride buffer (pH 7.5), and concentrated to 2 ml with Aquacide II (Calbiochem-Behring, La Jolla, Calif.). Preparative isoelectric focusing. Preparative isoelectric focusing was performed in Sephadex G-75-40 (Sigma) on an LKB 2117 Multiphor, using the flatbed isoelectric-focusing kit (Application Note 198, LKB Instruments, Inc., Rockville, Md.). We prepared a 4% (wt/vol) gel slurry (100 ml) containing 2% LKB Ampholines (pH 4 to 6). A 2-ml sample containing ia and ib, partially purified by ionexchange chromatography, was applied in a trough 12 cm from the cathode and focused at constant power (8 W) for 14 h at 4°C. The bed was fractionated with a metal grid, and each fraction was mixed in 10 ml of 50 mM Tris hydrochloride buffer, pH 7.5. Fractions containing the peaks of ia and ib were pooled and concentrated with Aquacide II.
Sephadex G-100 gel filtration. Samples of ia and ib partially purified by isoelectric focusing (1.5 ml) were applied separately to a column (2.5 by 100 cm) equilibrated in 50 mM Tris hydrochloride, pH 7.5. Dextrose (10% wt/vol) was added to each sample to increase viscosity. Protein was eluted from the column at a flow rate of 3.7 ml cm-2 h-1. Fractions were collected and assayed for ia and ib by fused rocket IEP, and the peaks of ia and ib were pooled and concentrated.
Flatbed electrophoresis. Flatbed electrophoresis was performed in Sephadex G-75-40, using 25 mM Tris-Tricine buffer (pH 8.6), similar to the procedure outlined in LKB Application Note 198. A 4% (wt/vol) gel slurry (100 ml of buffer) was dried at room temperature and allowed to chill at 4°C for 5 h before sample application. The sample was applied to the bed in a trough 0.5 cm from the cathode and electrophoresed for 12 h at a constant power of 16 W. The bed was fractionated into 30 fractions by using a slotted metal grid and mixed with 10 ml of 50 mM Tris hydrochloride buffer, pH 7.5. Fractions containing ib were detected with fused rocket IEP. The ia protein did not require flatbed electrophoresis.
PAGE. Polyacrylamide gel electrophoresis (PAGE) was done in linear 4 to 30% gradient gels (Isolab Inc., Akron Ohio) in 90 mM Tris hydrochloride-80 mM boric acid buffer, pH 8.3, at 150 V for 20 h (3,000 V-h). Gels were stained overnight with 0.025% Coomassie R-250 in methanol-glacial acetic acid-water (5:1:4). Destaining consisted of repeated changes of a methanol-glacial acetic acid-water (7:5:88) mixture. Sodium dodecyl sulfate (SDS) gels (10%) with a 3% stacking gel were made, and samples were prepared in final concentrations of 2% SDS, 5% 2-mercaptoethanol, and 10% glycerol as previously described (8) . Samples were heated in boiling water for 2 min before being applied to the gel. We ran 10 ptg of each molecular weight marker (Bio-Rad Laboratories, Richmond, Calif.) at constant voltage (60 V) until the tracker dye was 1 cm from the bottom of the gel. Gels were stained and destained as described above.
Estimation of molecular weight by Sephadex G-100 gel filtration. A column (1.5 by 95 cm) containing 120 ml of Sephadex G-100 was equilibrated in 50 mM Tris hydrochloride buffer, pH 7.5. The void volume was determined by blue dextran 2000 (Pharmacia, Inc., Piscataway, N.J.) exclusion, using a constant flow rate of 7.7 ml cm-2 h-1. All samples applied to the column were mixed with dextrose (10%, wt/vol). Low-molecular-weight protein standards (Pharmacia) were used at 5-mg/ml concentrations and chromatographed individually (1 ml) on the column. Protein peaks were detected by A280. C. perfringens supernatant concentrate (1 ml) was applied to the column, and fractions were assayed for ia and ib by fused rocket IEP with C. spiroforme antiserum. (Fig. 1) , SDS-PAGE (Fig. 2) , and crossed IEP (Fig. 3) . In crossed IEP, either purified component gave one immunoprecipitin arc, using C. perfringens type E antiserum, which yielded about 70 immunoprecipitin arcs with starting material. By using purified ia and ib with C. spiroforme antiserum in quantitative rocket IEP, we were able to generate linear standard curves for both components.
Linearity was present up to 0.3 ,ug of ia and 1.2 ,ug of ib. Table 1 shows the percent recovery of ia and ib after each purification step, as determined by quantitative rocket IEP. Of the total protein in the supernatant concentrate, ia and ib represent 0.3 and 0.8%, respectively. Molecular weight estimations. The estimated molecular weights of ia, determined by SDS-PAGE and gel filtration, are 47,500 and 48,000, respectively (Fig. 4) . Estimated molecular weights of ib by the same two methods were 71,500 and 67,000, respectively. SDS-PAGE results showed that neither ia nor ib dissociated into subunits, but instead migrated as a single protein-staining band (Fig. 2) .
Biological activity. The synergistic effect of ia and ib was shown by mouse lethality and guinea pig dermonecrotic assays. Results from these studies are given in Tables 2 and  3 . With equimolar amounts of ia and ib (molecular weight estimates based on SDS-PAGE results), the dermonecrotic assay was 20-fold more sensitive than the mouse lethal assay. When ia and ib were combined in equimolar amounts, there were at least 4-and 64-fold increases in biological activity over individual components in the mouse lethal and guinea pig dermonecrotic assays, respectively. When one component was kept at a constant amount and the other was diluted, we found that ia could be diluted eightfold more than ib and still yield a dermonecrotic lesion. 
DISCUSSION
The biological activity of C. perfringens iota toxin results from the synergistic activity of two proteins, ia and ib. The proteins differ in molecular weight, isoelectric point, and heat stability and do not share common immunodeterminants (22 (12, 13, 24, 25) , Bacillus anthracis anthrax toxin (9) , Bacillus cereus enterotoxin (23) , and the C2 enterotoxin of C. botulinum (7) . C2 toxin has biological activities similar to iota toxin, such as increased vascular permeability in guinea pigs, lethality in mice, and enterotoxic properties (2, 5, (14) (15) (16) (17) (18) 20) . Component II of C2 toxin acts as a binding subunit and component I possesses ADP-ribosylating activity specific for poly-L-arginine (18, 21) . Interestingly, ia of iota toxin also ADP-ribosylates poly-L-arginine (L. Simpson, B. Stiles, H. Zepeda, and T. Wilkins, Infect. Immun., in press).
A recent report shows that C2 toxin ADP-ribosylates nonmuscle actin, a cytoskeleton component found in target cells (19) . This novel acceptor for a bacterial toxin differs from other ADP-ribosylating toxins such as diphtheria and Pseudomonas exotoxin A, which modify eucaryotic elongation factor 2, or cholera and Escherichia coli heat-labile toxin, which modify the adenylate cyclase complex. We have not yet determined the physiological acceptor of ADPribose from iota toxin.
The biological activities of iota or C2 toxins are reportedly dependent on proteolytic activation (15, 18, 20) . Work done by Ohishi has shown that component II of C2 binds to brush-border preparations regardless of trypsinization, yet the enzymatic component I will not bind component II unless the latter has been treated with trypsin (18) . We have been unable to show trypsin activation of our iota toxin preparations (22) .
Thermal stability studies of ia and ib showed that ia is heat stable. Heated ia (85°C for 15 min), when combined with unheated ib, gave a dermonecrotic lesion of the same size as unheated ia and ib. Previous investigators have studied the thermal stability of partially purified preparations of iota toxin and found that vascular permeability in guinea pigs decreases at 48°C and is abolished at 53°C (5). Our results indicate that ib was inactivated in this temperature range, yet ia remained active.
With the evidence presented in this paper, we believe that C. perfringens iota toxin is a binary toxin, dependent on two nonlinked proteins for activity. The ia component possesses in vitro ADP-ribosylating properties, yet a physiological acceptor or its role in the biological activity of the toxin has not been discovered. With further work, we hope to determine how ia and ib interact to form biologically active iota toxin.
